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INTRODUCTION 
The ordering and packing of particles in composite systems plays a a o r  
role in a very large number of diverse technological fields. E'or ersmple, %be 
conditions which lead to the attainment of the most dense packing, or hagheere 
sedimentation volume $?fm, is of intense interest in the fields of ceramic@, con- 
crete, solid propellents, powder metallurgy, soil nechanics and geology, fn 
spite of this wide application of packing, relatively few studies have been CBP 
ried out and reported in the literature concerning the characteristice of packe~d 
particle beds. 
Some of the best work in the particle field has been carried out at the 
Jet Propulsion Laboratory in the last feu pars. The object of this research 
at JPL was to obtain a measure of the influence of the filler content on tb@ 
modulus of a filled rubber, such as composite solid propellant, In order Lo 
determine the effect of fillers on the modulus of rubbers, they reported on 
the mathematically analogous but experimentally simpler problem of the effect 
of filler content on the viscosity of a slurry. 
In their systematic approach to the problem they first established tbcrt 
the quasi-equilibrium modulus of a filled system 6, such as composite s o l i d  
propellant, relative to the unfilled binder rnodulue Eo, was analogous ts tks  
simllar ratio of viscosities for filled and unfilled systems (mf 1). 
Thi. led to an approximate fit of the modulus and viscosity da& to the G i l o r b  
van Dyck equation: 
when fd is the volume fraction of solids, $m is the maximum volume fraction 
whlah can be attained in a given syetem, and K is a constant t h n  to b 1.25 
or half of the Einetein constant. 
Subsequent work on the visoosity of slurrie8 employing direct expsrim~u~t&l 
meaaumment of 6 shoved that a more exaot viscosity-concentration mlation&p 
m 
ir given by the following (ref 2): 
Compriron of Eqne. (1) and (2) shows thrt although the modulue-viraority -log 
doer not hold exactly, gm ii stained as the key par-ter. 
A carefu l  e x a n a t i o n  of t h i s  parameter the sedimentation volume, re- 
a' 
vealed t h a t  i t  was i n  turn dependent on three considerations--the pa r t i c l e  s i ze ,  
whether of uniform o r  mixed pa r t i c l e  s i z e s  (whe   her monomodal, bimodal, t ~ a o d a l ,  
e tc . )  , and the condition of the surface o r  surface energy of the p a r t i c l e s  (ref 9, 
4, 5). From a s t a t i s t i c a l  treatment of the random packing of uniform spheres rn 
expression w a s  derived t o  predict  sedimentation volume i f  the p a r t i c l e  size i s  
known, and the surface energy re la ted  term B is  known. It i s  given as: 
In the case of uniform spheres, the equation d i c t a t e s  tha t  small pa r t i c l e s  ran- 
domly pack to  a minimum $dm of 0.37 and a waximum of 0.63. The equation describes 
an S shaped curve where the upper plateau is  refer reo  t o  a s  the cannonBaLB reaion, 
the intermediate part of the curve a s  the t r ans i t i on  region, znd lower plateau 
a t  smll pa r t i c l e  s i z e s  as the i n f i n i t e l y  s t icky  renion. I n  the case of poPy- 
disperse pa r t i c l e s ,  such as bimodal systems, the curve would be sh i f t ed  v e r t i c a l l y  
on the (bm scale .  
The surface eneray re la ted  paraaieter I3 measures the disklacement of the 
da t a  f o r  systems of varied surface energies fmm the theore t ica l  master curve 
i n  the case of B = 1. Thus i t  is  the s h i f t  f ac to r  required t o  transpose the 
da ta  f o r  the many systems tha t  were studied a t  i ? L  t o  f i t  the theoretical. =stel: 
curve. The pa r t i c l e  s i ze  a t  which f o r  o given type of pa r t i c l e  en t e r s  the 
t r ans i t i on  o r  i n f i n i t e l y  s t icky  reaion is a measure of the surface forces  that 
tend t o  cause the sed i~enta? ; ion  vo lme  t o  be very low. U T  gas adsorbtion baa8 
used t o  measure t h i s  surface energy d i rec t ly .  
The l a s t  i n  n s e r i e s  of 2ublished data  on f i l l e u  systems and the sedimentaticn 
volume pertained t o  eupi r iea l  work on bimodal p a r t i c l e  systems, o r  mixed p a r t i c l e  
s i z e s  ( re f  6) .  It  was shown that the void voluue i n  a packed bed make up of one 
component s i ze  only coiild be aescribed by 
where v is  the void volume, v i s  the t o t a l  volurue, and i s  the volume frae- 1 T 
t ion  of pa r t i c l e s  i n  the bed. 
d l  
If a second coaponent of su f f i c i en t ly  small s i z e  so tha t  the p a r t i c l e s  w i l l  
f i t  i n t o  the ex i s t i ng  void spaces associated with couponent 1 without r e q u i A x  
any increase i n  overa l l  volume is  added, the f r ac t ion  of the second component 
can be wr i t ten  by 
Hence, the volu~lie f r ac t ion  of p a r t i c l e s  a t  maximu density,  6 i n  a packed 
m' 
bed prepared by b l e n d i r ~  i n  components of upproprihte pa r t i c l e  s i ze  i s  
Ekthernore  the authors arr ived a t  an expression t h t  would predict  proper 
blends of pa r t i c l e  s i z e  r a t i o s  f o r  n n x i m  sediioentation volume and presenteci 
da ta  from the l i t e r a t u r e  and sore data  on gltisa beads to  substant iate  the i r  
claims. 
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11, EXPERImNTlLL RESULTS 
A. Zquipment Ca l ib ra t ion  
The f i r s t  s t e p  i n  any experimental prosram i s  the ca l - ibra t ion  
of equipment egains t  known standards,  Cal ibra t ion  of the  B r o o k f i e l d  
Rota t ional  viscometer x2s  accomplished n i t h  t ~ i o  d i f f e r e n t  standerds 
of known v i s c o s i t i e s ,  These were aqueous g lyce ro l ,  and f o u r  A3TY 
s tandard o i l s ,  S-30,000; S-8000, S-600, and S-230, obtained from 
the Cannon Instrument Co, , College,  PE?, 
(Contract NAS7-775) 
The data on the glycerol solutions 1s  tabulated in tables 1 
through 4, and plotted in figures 1 through 4. The solid line in 
eac2i case is the ACS standard value of glvcerol solutions from 
Handbook - of Chemistry Yhysics, 42nd ed. 
The Brookfield viscometer with the four probes furnished has 
a viscosity range from approximately 1 poise to ap~roximately 
1000 poises. ThZs range is achieved by incrementally varying the 
surface area of the four probes and by selecting the RPM of the 
instrument at one of four speeds, 6, 12, 30, or 60 RPM. Consequently, 
combinations of probes and speeds can be selected to vzrv the shear 
stress and rste of shear considerably, The viscosity in poise is 
calculated from a reading of shear stress acting against a calibrated 
torsion spring and a factor that considers the rate of shear or RPM, 
The open circles in figures 1 through 4 is the viscosity calculated 
from data within the middle 80% of the Brookfield viscometer torsion 
spring range. The open squares were calculated from data gathered 
at the extreme ends of the scale. Quite clearly, from the f 9 t  of 
the open circles to the curves, the Brookfield viscometer is quite 
accurate and reliable within the middle 80% of the scale, On the 
other hand, the extreme ends of the scale result in unreliable md 
scattered data. 
(Contract NAS7-775 ) 
It was speculated that some of the relatively poor fit o r  the 
data to the standard curves was due to the glycerol solutions ad- 
sorbing water from the atmosphere, especially the more concentrated 
solutions at low tem~eratures. To test this concept, a new 93.g 
qlvcerol solution was made up and kept covered during temnerature 
stabilization and testing. The testing under cover was accomplished 
by insert in^ the spindle shaft through a small hole in the sanl-ple 
holder lid. The data is plotted as filled circles and squares in 
figure 2. The fit of the middle region data (filled circles ) is 
very good. Again the f'jt of the extreme ends (filled squares) 
i s poor. 
All subsequent viscosity data reported under this contract wlil 
be restricted to the middle 80% of the torsion spring range, Ibrther-  
more, wherever it is possible to tabulate an average viscosit~ value 
;vithout reporting all readings at all speeds and spindles, onlv this 
value will be reported, All runs ar.d speeds were tabulated through 
the calibration and through task 2 to demonstrate the working char- 
acteristics of the viscometer. 
Data from table 5 plotted in fiaure 5 graphically depict the 
accuracy of the Brookfield vlscometer on stable, Newtonian o i l a ,  
The solid curves in the figure represent the viscosity of' four 
ASTM standard oils; Cannon Instrument Go. S-30000, 5-8000, 5-2000 
( Contract NAS7-775 
and S-600 res~ectfvelg from top to bottom of the figure, The fit 
of the data is quite good over a range from 786 poise dotal to 2,7 
~ofse. Consequentlv, no calibration correction factor is needed, 
The viscosity as calculated directly will be used throuphout this 
study . 
B. Viscosity - of Suspendinq: lqediums 
The viscosities of the two mediums to be used in this studv, 
Polypropylene Oxide (PPO) and U,S,P, mineral oil was measured at 
various temperatures ranglng from 2,5'C to 25'~. The data is 
plotted in figure 6, The solid lines are the best fit to the data. 
The fllled square and circle are literatfve values obtained at JPL 
on previous lots of PPO and mineral oil mith capillary viseometers, 
Throughout this study all. viscometer measurements on slurries 
will be made at 23OC, For purposes of making a fit or the relative 
viscosity to the LNIB or Eilers Van master curves, the v%seositv 
of the two suspending mediums at 23'~ is taken to be 1.52 poise for 
the mineral oil and 3,35 poise for the PPO. Their densities at t h a t  
temperature are taken to be 0.840 gm/cc and 0.975 p/ec, respectivelv, 
Task 2 c ,  -
The sedimentation volumes and viscosities were measured on thee 
sizes of silver alloy powder in mineral oil and PPO. The sizes 
investigated were the fractions sieved through standard e l e r  screens 
-325 +400, -400 +500 and -500 mesh. The openings in the screens are, 
( Contract NAS7-775) 
43, 38 and 10 microns, respectively, The mean weight diameter was 
estimated by microscope to be approximately 40 mricrons, 50 microns 
and 8 microns, respectively, The surface energy of freshly made 
alloy powder was reduced by heat annealing in air. The heat anneal- 
ing .- has a profound effect on the volume of mercury that w l l l  be ad- 
sorbed by a given volume - of alloy but had little discernfble effect 
on the sedimentation volume or viscosity of slurries of the l a ~ r g e r  
particles prepared in PPQ or mineral 011, On the other hand, the 
-500 mesh fraction demonstrated considerable change in these tvru 
parameters. 
The lack of effect on the two larger fractions of' particles 
(much larger than are comercially used as dental filllng allov) 
is probably because the particles are apnroaching the ca~qonbail 
reqion of the Moser-Landel equation where reduction of surface enerpv 
has little or no effect on viscosity OP sedimentation volume, 
The data on -325 +400 and -400 +500 silver alloy p a r t i c l e %  ape 
tabulated in table 6, Study of the data will reveal that the vis- 
cosity of both particle sfzes in both PPO and mineral oil is shear 
thinninp-that is a higher viscosity 1s calculated at the lowest 
HPPII with a given spindle, Only 100% annealed or unannealed  articles 
were measured, Increments in between were not prepared for measurement 
because there was no signfficant difference in the viscosity or sedE- 
(Contract HAST-775 ) 
mentation volume between total 108% unannealed and 100% amealed 
oarticles, In the case of the PPO system the viscosity shows no 
range at al1,and extreme sedimentation volume measurements sf 0,515 
and 0,536 are within experfmental error, 
It should be noted that great difficulty was encountered in pet- 
ting viscosity measurements at all~and the measurements reported may 
be grossly erroneous. Apparently the dense silver povides (density 
of 10 grams/cc) sediments so rapidly when the material is not thixo- 
tropic, that the viscometer readings start changing imediatelp, 
It was necessary to thoroughly mix the slurry and quickly pun a 
viscosity. These dense slurry systems that are not thlxotropie do 
not seem to produce meaningful results vvfth high confidencs 1 e v e l s  
when measured with the rotational viseometer, This will undoubtedly 
lead to additional frustration when we work with copner ~owder ( v e r ~  
dense) and glass beads (non-thixotropic slurries) ,and $ 5  will 
probably be necessary to employ some sort of parallel plate viseometer 
to q e t  measurements uncomplicated by sedimentation of the slurrv 
particles, 
We were more suec~ssful in our work on the -500 mesh ~ a r t i c B e  
fraction,partieularly %n the mineral oil. In this case the slwrrv 
was thixotropic and did not readily sediment (the PPO slur~ies were 
not particularly thixotroplc however), Consequently, we mixed six 
( Contract NAS7-775) 
different ratios of annealed to unamealed particles in PPO and 
mineral oil. The data is tabulated in table 7 and plotted in flgure 
7. 
It should be noted that the viscosity and sedimentation volume 
data on the mineral oil slurry is fairly sharp and neatly defined 
as it is plotted, On the other hand the viscosity data on the PPO 
is almost totally meaningless and consequently is not plotted, 
Apparently the PPO slurries were shear thickening rather than shear 
thinnhg and a combination of this phenomenon with the neeessltv of 
rapid measurements to avoid sedimentation made it fmpossible t o  use 
the rotational viscometer. This shear thickening phenomenon appears 
again later in this report, again on BPO slurries. 
It was possible to plot the PPO slurry sedimentation volume 
nreasurements on the sarne cwve ( o ~ e n  squares in figure 7 )  as the 
measurements on the mineral oil spstemssbut there is more scatter 
in the data. 
The top curve in figure 7 is the mineral oil,-500 mesh silver 
alloy fra~tion~viscositg data. It is significant that in both thfs 
curve and the sedimentation volume curve, the first 25% mixture of 
annealed ( surface enerm lowered) particles to unannealed particles 
produced as much change in the measured parameter as the last 75% 
annealed particles dld, This argues strongly that two high energv 
particles stick together or structure when they come in contact, 
(Contract NAS7-775) 
but that a high energy-low energy or low energy-low energy contact 
does not result in particle-particle structuring. This 1s a n a l o ~ o u s  
to the dominant-recessive genes combination in reproduction, This 
can be graphically illustrated by representing three partlcles as 
high energy and one particle as low energy in a block as follows: 
H- \ /y 
, ' /  \L 
H- 
the lines connecting the particles represent all possible different 
contacts that can occur between four particles. Of these six nos- 
sibilities, three are H-H, high energy-high energy contacts,and 
three are L-H, low energy-high energy contacts. 
Figure 8 illustrates the type of plot that was made on the shear 
thinning slurries in order to extrapolate to a viscosity at an in- 
finite rate of shear. This was desired so that results can eventually 
be compared with the parallel plats viscometer where viscosities of 
slurries are calculated at verv h i ~ h  shear rates. 
(Con t r ac t  NAS7-775 ) 
Task 1 Do -- 
The sedimentation volunes  and v i s c o s i t i e s  were meamred on 
t h r e e  d i f f e r e n t  s i z e s  of g l a s s  beads and two s i z e s  of aluminum. 
nowder a s  a  f u n c t i o n  of t h e  r a t i o  of s u r f a c t a n t  coa ted  and uncoeted 
p a r t i c l e s  mixed toge the r .  The purpose of t he se  experiments i s  t o  
iietcrmine i f ,  a s  i n  t h e  case  of t he  s i l v e r  a l l o y ,  2 5 q  of l o w  enexlg-i 
coated p a r t i c l e s  of t h e  same s i z e  and d i s t r i b u t i o n  i s  s u f f i c 5 e n t  
t o  move t h e  r h e o l o g i c a l  p r o p e r t i e s  SO'< down t h e  curve between the  
completely uncoated and c c n p l e t e l y  coated va lues .  The g l a s s  beads 
.vere Minnisota Mining and W'g. #150, 380, an6 660. l%e a l m ~ i n u m  
po~vder was A l c a n l s  IvID 101  and MI) 105. The p r o p e r t i e s  and p a r t i c l e  
s i z e  d i s t r i b u t i o n  of t h e s e  p a r t i c l e s  and a l l  o t h e r s  u t i l j . z e d  under 
t h i s  conbract  a r e  g iven i n  t he  appendix of t h e  f i n a l  r e p o r t ,  The 
l i q u i d  mediums !)!ere PPO and USP minera l  o i l .  
The s .urfactant  used was Aso lec t i n ,  a  crude soy l e c i t h i n ,  
Coating onto '  the  sur fzce  of t he  p a r t i c l e s  "':ras acc:orny,l.ish,ed by tn- 
jetting t h e  proper  n e i g h t  of A s o l e c t i n  d i s s o l v e d  i n  2 m l  of f r e o n  
1 x 3  d2-rect lp  i n t o  t'ne s l u r r y  t h a t  i t  Tlr8S d e s i r e d  t o  c o a t  109'6, 
'j;'his s l u r r y  lnrns -then a1lo::red t o  s t and  overn igh t  f o r  a l l .  t h e  s o l v e n t  
t o  evanorate .  The coa ted  s l u r r y  w a s  then  blended i n t o  t h e  uncoated 
one i n  tile Proper p ropo r t i on  t o  achteve t h e  d e s i r e d  r a t i o  of coz ted  
t o  uncoated p a r t i c l e s  Ln t he  r e s u l t a n t  s l u r r y .  This technique l ~ ~ a s  
peporte,d, favora1)ly i n  e a r l i e r  work a t  JFL (ref. 1 ).
(Contrac t  NAS7-775) 
The weight percent  a s o l e c t i n ,  based on the  weight of p a r t i c l e s  
in  t h e  s lu7>rics ,  was chosen t o  r e s u l t  i n  one complete monolaver 
of s u r f a c t a n t  on the  p a r t i c l e  sur faces ,  These values were 0,04 
weight x>ercent f o r  the  g l a s s  and 0,05 weight percent  f o r  the  
aluminum and vere  taken from t h e  dnta of previous work a t  J P L  
( r e f .  l - ) *  
The MD 105 aluminum  powder/^^^ s l u r r l e s  proved t o  he somewhat 
of a  problem. The s lur r - ies  ~nrhen f i r s t  mixecl and measured wf tb  the  
Brookfield viscometer proved t o  be shear thickening r a t h e r  than 
shear  thinr!ing as  t%e s i l v e r  a l l o y  had been, This same phenomena 
had been observed and repor ted  e a r l i e r  a t  J P L  on t h i s  system 
( r e .  1). A new comp1icat;ion t h a t  had no t  been repor ted  on e a r l i e r  
lms a chance of v i3cos i tg  ~ i t h  time as  veil a s  a s h i f t  from shear 
thickenin? t o  shear thinning. These two unexpected complications 
i n  conjunction with a t h i r d  a r t i f  a c t  r e s u l  king from our experimental 
technique y ie lded  inconclusive r e s u l t s  on the  f i r s t  s e r i e s  of meas- 
urements on t1-1.e T,D ~ O ~ / P P O  s l u r r y ,  The a r t i f a c t  from c x ~ n r i m ~ n t a i  
technique -ias a m a t t e ~  of' t e r ~ p e r a t u r e ,  Altho~lgh the  s l u r r f e s  orcre 
h e l d  a t  tenpcra ture  i n  a  constant  tem~era::ure ba th ,  they s e r e  removed 
for vigorous s t i r r i n r ,  , just  berore making a  viscosi- ty  t e s t ,  r cp lnced  
and the  t e n t  run immediately before any sedimentation could take 
place.  'Ye found tha t  t h i s  s t i r r i n g  i n  the varm hand of i'ne operator 
(13) 
( Contract NAS7-775 ) 
r a i s e d  t h e  s l u r r y  temperature and because of immediately t e s t i n g  
t o  prevent  sedimenting, i n s u f f i c i e n t  time was a v a i l a b l e  f o r  the 
temperature t o  r e - s t a b i l i z e  a t  23 '~.  This was prevented i n  a  
r epea t  s e r i e s  of v i s c o s i t i e s  a s  a  func t ion  of time by i n s u l a t i n g  
the t e s t  container  with foam rubber while s t i r r i n g  immediately 
'L,)efore the  run .  
m e  prel iminary r e s u l t s  obtained before the  shear thickenfng- 
shear thinnj-ng phenomena and the  temperature a r t i f a c t  n r e  discov- 
ered a r e  tabula ted  i n  t a b l e  8 ,  and p l o t t e d  i n  f i g u r e  9 .  !Eie wild 
sca t - t e r  i n  the  i'lirst, ser5.es of PPO da ta  ( f j - l l e d  symbols) resul te t l  
because the  s l u r r i e s  vrere run  with no p a r t i c u l a r  a t t e n t i o n  t o  tlne 
a f t e r  intxing cind some of th.e con-ted/uncoated r a t i o s  were o lder  than 
oi;hers. This s c a t t e r  i s  not  apparent i n  :;he nllneral o i l  data. 7~l~here 
Sine was not  a  f a c t o r ,  I-rowever, t h e  mineral  oT.1 da ta  i s  s t i l l  some- 
lcifiat s c a t t e r e d  because cf t he  mlx5.ng- temperature a r t i f a c t ,  Tne 
exception ivas the  1,lD 101 i n  mineral. o i l  t h a t  was suf f ic ientZy th ick  
t h a t  i t  d i d  not sndiment y e t  was e a s i l y  s t i r r e d  so the re  was very  
l i - t t l e  temperati- re change during s t i r r i n g .  
Reneat expepirgen.t;s run  on the same s l u r r i e s  a f t e r  stanclinf; 
14 t o  21 d.ays i s  p l o t t e d  i n  f i g u r e  9 a s  the open sgmbols, For t h i s  
s e r i e s  f;'!-l$ mir,inrj;- t e m p e r a t ~ ~ r e  artrii'ac t had been removed and s?nffi- 
c i e n t  time hzd elapsed f o r  the  PPO s l u r r i e s  t o  complete t h e i r  change 
i n  p r o p e r t i e s  *+I?. i,h t inn .  Consequently, the  da ta  f o r  both s l u r r y  
systems f i t  the curves very well .  
The setlri.menJl;:ltion volume da ta  i s  p l o t t e d  i.n f ig~xres  10  and. 11, 
m e  data  i n  a l l .  spsterns descr ibes  a  reasonably smooth curve with 
mj,,or with the  exception of the  ~ Q ~ / P P O  s:;stem again.  
( 1 4 )  
( Contract NAS7-775 ) 
' h e  f i r s t  run  i s  wi ld ly  s c a t t e r e d ,  Two po in t s  run  i n  the second 
s e r i e s  was a l l  t h a t  was poss ib le  because of shortage of m a t e r i a l ,  
IIov~ever , j u s t  1;hese two po in t s  a r e  enough t o  allow an ex t rapo la t ion  
to a smooth curve of the  same general  shape a s  t h e  o ther  systems 
( :;he dashed l ine  on f i g u r e  1 0 ) .  
Analysis of the  v i s c o s i t y  da ta  on a l l  the systems a ~ a i n  s ~ r p n s r t  
the  arsument t h a t  the  first 255 of sur face  energ:. lo7:rered p a r t i c l e s  
prod~nces 53'? of tha change i n  v i s c o s i t g .  It i s  s i g n i f i c a n t  hol??ever, 
that  unl ike t'rle s i l v e r  a l l o y ,  t h i s  statement does not  hold t r u e  
f o r  the sedimentation volurie curves.  In  f a c t ,  p rec i se ly  the op- 
n o s i t e  e f f e c t  can be observed by studying f i g u r e s  10 and 11, There 
i s  very l i t t l e  chance i n  !dm f o r  the  f i r s t  50"; of added coated o a r t j  - 
c l c s  and most of t h e  change occurs i n  the - l a s t  25% increnent ,  Ap- 
parent3.p there  i s  a di f f e r e n t  mechanism 8.t ~vork and consequently , 
the  direc!; r e ln t ionsh lp  repor ted  between P(, and the  v i s c o s i t y  a s  
predic ted  by t h e  LI4B equat ion ( r e f .  10 r e q u i r e s  some r e f  inernent, 
In  an atternnt t o  detcrmLne why the  P P O / ~ V L D ~ O ~  s l u r r i e s  were 
shear thickening and changing t h i s  shear thickening characteristic 
7;~ith time conducted txo quick prel iminary t e s t s .  F i r s t  vie men- 
su.red the pH of PPO from stock and of PPO tha-had. ':em s lu rp ied  
7;rith j:D 105 and allowed t o  s tand f o r  1 4  da:,~s. The PPO was separ- 
a;-;ed i n  the cen t r i fuze .  The p H  ]?rns annroximatel;f 6 i n  '!!)oth easesp 
indic:nl;?-nE no d~gya:li.ng of -\;he mate r i a l  i n  contac t  w i t h  the al.uminum, 
r h e  I second experFrnent was the measurement of the  v i s e o s l t g  
of the 14 day old supernatent  PPO. Tvro po in t s  trfeve s e l e c t e d ,  23°C 
(15) 
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and l o O ~ .  The values were 3.25 poises  and 8.05 poises  r e s p e c t i v e l y ,  
Tfiese values were i d e n t i c a l  with previous measurements on s tock  
r;naterial. 
An e n t i r e l y  new batch  of MD 105 i n  PPO, both coated and uncoated, 
vas prepared t o  watch the change i n  the v i s c o s i t y  and the s h i f t  from 
shear thickening t o  shear thinning with time, The data  i s  not  tabu- 
l a t e d  but  i s  presented graphic ly  i n  f i g u r e s  1% and 13, A chznge 5n 
tile v i s c o s i t y  of almost 30g i n  most coated/uncoated r a t i o s  can  be 
o ? ) s e r v ~ d ,  In  add i t ion ,  a d r s t i n c t  s h i r t  from very shear  thicken in^ 
t o  near  IYevrtonian with the  l e s s e r  shear r a t e s  a t  low spindle  speeds 
dlsplay-7.n~ shear thinning i s  obvious. The chan:re of v i s c o s i t y  ex- 
t r apo la tcd  t o  a high shear r a t e  a s  a func t ion  of time i s  p l o t t e d  i n  
f lguye 14 ,  The time parameter and t h e  temperature mrxing a r t i f a c t  
xere  under con t ro l  f o r  t h i s  l a s t  s e r i e s  and the  f  5.5 of the c'lata to 
m o n t h  cu.rves i s  e;.rcel.l-ent . 
Viscosi ty  an?: sedimentation volumes on th ree  d i f f e r e n t  s i z e s  
of g l a s s  a t  incl-emental s u r f a c t a n t  coated/uncoated r a t i o s  were run  
i n  PPO and mineral  o i l .  The r e s u l t s  a r e  tabula ted  i n  t a b l e  9 and 
p l o t t e d  i n  f i g u r e s  15  and 16. The curves a r e  not  a s  i n t e r e s t i n g  
a s  t h e  al-uminwn nor 7ar-t;ricularly s u r p r i s i n g ,  As with the  previ.ous 
s:rs':.er:is, t h  f i r s t  257; of the coated n a r t i c l e s  produced most of t h e  
change i n  t h e  v i s c o s i t y .  I n  the case of t h e  ssdimentation volume, 
al-1 throe  s ixes  a r e  near the  cannonball reg ion  and t h e r e  was no s i s n t -  
f i c a n t  change as  a r e s u l t  of us ing  a su r fac tan t .  Ele l a r g e  channe 
i n  viscosj . ty accompanied v i t b  l i t t l e  change i n  (d, again  indicat:es 
a n?ed f o r  r e f  5.nemc:nt i n  the  v i s c o s i t y  - $m r e l a t i o n s h i p  daf ined 
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Task 3 E e  -- 
Pro s i z e s  of g l a s s  beads, Minn. Mining and MTg. #380 and #666 
were s l u r r i e d  a i t h  Alcanls  aluminum powder-of approximately the 
same s i z e ,  MD 90 and MD 801 r e spec t ive ly ,  Again f o r  the-se experi-  
ments the mediums were PPO and USP mineral o i l .  The purpose was 
t o  experimentally detc-rmine if the  low surface  energy g l a s s  Tq~bon 
bleneed with the h igh  sur face  energr  aluminum .~s~olild produce most of' 
t'ne rheo log ica l  c h a n ~ e  a t  a  r e l a t i v e l y  smal-1 percentage. The r e s u l t s  
?ere not, di.sr,pr)olntinp;. The da ta  i s  presented i n  t a b l e  10  and plo"ited 
i n  f r i .~ures  17 an(: 12. Acafn i n  t h i s  system, 25G of the law energy 
par t fc l -es  i n  the  s l u r r i e s  p r o d ~ ~ c e d  a ~ n r o x i m a t e l y  h a l f  of the ehrnce 
i n  thc v i s c o s i t y .  
Tae sedi?Xenf;akicjn volumes f o r  t h i s  system i n d i c a t e  the  same 
s t r ~ i p h t  for7.rard r e l a t i o n s h i p  of m.ch of t h e  c l l a n ~ e  produced by 
the f i r s t  25'< of %he lorir surf ace e n e r p  g l a s s .  This concl.usion 
can not be dra-in from the  $380 measurer;lcnts, of co'urse, because 
t,;le curves 5-n both ?PO and mineral  o i l  a r e  S l a t ,  kpnarent ly,  i;he 
> a r t i c l e s  i n  quc?t lon a r e  near  t h e  cannon b a l l  reg ion  (no te  tha t  
& f o r  390 g l a s s  f o r  t V i i s  s e r i e s  i s  s l i g h t l y  love r  than measu-ed 
f o r  Task I of t h i s  ~ e ~ o r t .  A d i f f e r e n t  conta iner  of g l a s s  v a s  
used and a p ~ ~ a r e n t l y  h a d  a  sli,ql?tly d i f f e r e n t  p a r t i c l e  s i z e  d i s t r j b t i -  
:;Lon). 
One s l i 7 h t l g  perplexing dev ia t ion  from the aforementioned 
2.5"? major chan,qe relat- ionship i s  seen i n  f i g u r e  1 8  on the 660 glass 
i n  mineral  oj-1. curve reaches a  maximum a t  about 7031 O P  75'? 
.;lass i;:len decrarsse3, Ao-narently the re  were enouch f 5-nes i n  thc: 
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alullzinum po7sfder t o  produce a  s l i g h t l y  bimodal blend :n~ith the  glass,  
This i s  not  observed ivith the  same p a r t i c l e  mixture i n  PPO, hol-ievep., 
Tnis i s  probably because the  PI'O a c t s  a s  a  mild su r fac tan t  by v P ~ t ~ x a  
of i t s  p o l a r i t y .  This produces a b e t t e r  d i spe r s ion  of p a r t i c l e s  
and maTr tend t o  ?:~as'?c out any s l i g h t  bimodal e f f e c t s .  B i m o d a l  b londs  
of p a r t i c l e s  a r e  ~ r e s e n t s d  i n  d e t a i l  i n  Tasks 4 and 5. 
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F, Task 4 
?~leasuro:iaent o:C the v i s c o s i t y  and sedimentation volume of g l a s s  
bead s l u r r i e s  containing two d i f f e r e n t  s i z e s  of p a r t i c l e s  were made 
i n  mineral  o i l  and the sedimen.tation volume mas a l s o  measured In RIP, 
I n  each case the  r a t i o  of the diameter of the  small. p a r t i c l e s  120 the 
l a r z e  ones was he ld  below 0,1547. One exception was Idinn, Mining 
and I'lfg, g l a s s  rnixture 550/090 where the  r a t i o  was 0.206, The oi;:iie~ 
~n ix tu re  and r e s u l t i n g  r a t i o s  were Minn. FJining, and ?:lfg. g lasses  
350/083, 660/070, and 660/080 with small t o  l a r g e  diameter r a t i o s  
of 0.108, 0.128, and 0.154 respec t ive ly .  The d e t a i l e d  da ta  and d ia-  
meter r a t i o s  a r e  ~ivr-:n i n  t a b l e s  11 and 12. The mean wekght d:iameters 
of a11 p a r t i c l e s  s tudied  i n  t l i s  r e p o r t  a re  gZven i n  t ab le14  . 
The purpose o f  t h i s  t a s k  mas t o  experimentally check the theory 
advanced by Fedoro, e t  .a]-, (Ref. 6 ) which i s  proposed t o  predict 
the  maximum sedixenta t ion  volume acheived by mixing a second component 
of suff 'fcientl-y small sTze i n t o  a s l u r r y  of  1arr:er p a r t i c l e s ,  '?he 
s v ~ l L  p a r t i c l e s  trust f i t  i n t o  %he e x i s t i n g  void spaces a s soc ia ted  
with the  l a r g e  pa . r t l c l e s  without r equ i r ing  any increase  i n  over:~El  
volume and fur ther .nore,  ~ m s t  be ab le  i;o pass t??rouy;h the  t h o a t  ?lane% 
or  sr:k-]-lest opening between tile l a r g e r  pa17t;icles, whithou+, d i s r u ~ t l i n g  
the e x i s t i n e  s t r u c t u r e .  The r a t i o  of s n m l l  p a r t i c l e  diameter t o  
larjre par t ic l -e  cliarneter t h a t  f u l f i l l s  thLs l a t t e r  requirement -uas 
repor ted  t o  he less than 0.1547 
( 1 9 )  
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The equations p red ic t ing  the peak volumes of smaller  p a r t l c l s s  
t o  optimize the system, and the  volume f r a c t i o n  of p a r t i c l e s  a t  
maximum dens i ty ,  $m, in  a packed bed prepared by blending in  compon- 
e n t s  of appropriate  p a r t i c l e  s i z e  a r e  given i n  the  in t roduct ion  of 
t h i s  r e p o r t  a s  equations ( 5 )  and ( 6 ) .  These s impl i f ied  equations 
do not  account f o r  mall e f f e c t s  a t  large diameter r a t i o s  and a r e  r e -  
ported t o  devia te  s u b s t a n t i a l l y  f rom measured values a t  r a t i o 3  mch 
above C,05. A swnmary of predfcted values of maximum sedimentation 
volumes, compared t o  a c t u a l  measured values from f i g u r e s  19 and 20 
i s  given below on t h e  four  s2rsterns s tud ied  i n  both mineral of1 and 
a i r ,  The diameter r a t i o s ,  given i n  t a b l e s  11 and 12 ,  range Prom a 
low of 0,108 t o  a high of 0,206: 
System $ m i x  $ m i x  $ m i x  @ m l x  
Predicted Measured Predicted Ileas~lred 
i n  a i r  i n  a i r  i n  oil. fn o i l  
6 60/09 0 0,86 0.71 0,81 0,71 
380 /0~0  0.535 0.76 0.81 0,17 
6 6 0/07 0 0.87 0.75 0,534 0 ,7'5 
650/080 0,87 0.73 0.80 0,80 
As can be seen from {:he above da ta ,  the  f i t  of a c t u a l  rneasur~q-nts 
t o  predic ted  values i s  qu i t e  poor i n  both mediums. Furthesl-.lore, 
there  seems %o he no obvious t rend  t o  the  r e s u l t s  except t ha t  the  
system 7:rith khe sm-11-est diameter r a t i o ,  380/080 (0.108) comes clos-  
e s t  t o  f u l f i l l i n g  theory i n  both a i r  and o i l .  The system 660/250 
( r a t i o  of 0,154) f i t s  :veil i n  o i l  but  i s  inconsisCent i n  air, The 
system 660/099 ( r a t i o  of 0.206) i s  well  above %he r r a x i m  r a t l o  of 
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0.1547 and the arbitrary curve fit ratio of about 0.05, therefore 
nrturally does not a~proach predicted values, but Is quite consis- 
tent at the peak in both air and oil, Jhch of the poor co~arison 
is probably due to the relative large size distributLon of the y l ~ ~ s s  
beads available nnd to wall effects. This concept is reSng"orce4 IT 
l;he values obtained in air. They are identical to reported vall~es 
on lead of the snme diameter ratio (ref. 6 ) shovm in f izure 25, 
The effects of diameter ratios ~rea-tes than 0.05 on the predicted 
sedimentation values is accounted for belon in Task 5. 
In every case the values measured in air are consi~iera~~lp 'n_i~fier 
than those measured in oil, The obvious explanation is sorre sort 
of particle-medium interaction vhereas the pa~ticles energetielv 
absorb some of the medium and does not give it up in the centrlfu(:e, 
These findings are also reported in Task 5 below are incon~ls-~enc 
11th earl-ier reports (ref, 3). It 5s horlrever, consistent "5th ob- 
servations reported in Task 1 above  here a particle-medium jnser- 
action was pos tulated to explain a change with time in the rheoloqical 
properties of aluminum po~~der-PPO slurries, 
The remarlcably consis tent feature of the experiments of '_"ask 4 
is the location of the maximum sedixcntaticn volurze and minimum vis- 
cosity peak on she diameter ratio axis of fi~ures 19, 20, p-nq 21, 
In every case exccpt one it appears to be around 35 to 40 gereent 
small particles to larqe, The exception is the 663/030 s--s:em rlze~e 
the peak appears at about 15 to 20 percent, Holvever, this s~-skent s
ratio (0,206) is larper thzn the 0,1547 called for by theor.-, Cal- 
culations of '<he predicted composition of diameter ratios us inp  the 
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equation advanced by Fedors et, al, (ref. 6) indicate that the peak 
values of all systems studied occur fairly closely to fhe predicted 
value. The equation used is as follo~.vs :
ffm++ system 
(7 1 
(1-@~)($~1 
%d . 
&+? system 
;%ere %D is the percent of large diameter narti.cles, fki is the per- 
cent of small diameter particles, and $mSi is the predicted m a x l  
sedimentation volune of the particle mfxture. Comparative values 
are given below: 
System ?g small % small % small % small 
Predicted 14easured Predicted Measured at Viscositg 
in air in air in oil in oil T2in inrum 
Tile system 660/070 in oil is the only mixlure that does not cmrpsre 
>:;ell vith theory. Agaj-n as in the comparison of predicted s e t ? f m ~ n t ~ -  
tion ~.f~,ainst measured vs.l~xes, the wall effects at relative Earge 
dialqeter ratios is p)roba?.ly responsible. The Pssue of vs r i ec l  c? i~ .meter  
ratios is taken up 5.n Task 5. 
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G.  TASK 5 
-- 
Task 5 i s  an extension of the  worlr done on Task 4. In the ease 
of Task 5, hovrever, s e h i m e n t ~ t i o n  volumes and v i s c o s i t i e s  on bimodal 
systems of g l a s s  bead.s i n  a i r  and mineral o i l  were run :.t s m a l l  t o  
l a r ~ e  diameter r a t i o s  of g r e a t e r  than 0.1547. A s e r f e s  of sf;c b i -  
modal spstems were s tud ied  with diameter r a t i o s  r a n ~ i n g  f r o m  O , , E O S  
t o  0,830, The dRtz  i s  presented i n  t a b l e s  1 3  and 1.3A and i-n f i e u r e s  
22 and 23, The purpose, a s  i n  Task 4, v~iij,7s t o  gather  dnta  to s7~bs t an -  
t i a t e  e a r l i e r  aork ( r e f ,  6 ) .  
Reference t o  130/070 and 120/070 g l a s s  i n  f i g u r e s  22 ~ n d  ?: 
i nd ica tes  t h a t  the  c h a r a c t e r i s t i c  of smaller  values of sed5.rnentation 
volumes measvred a t  the extreme ends of %he curves i n  n i n e r a l  o i l  
r e l a t i v e  t o  a i r  holds  f o r  l o r ~ e r  diameter r ~ t i o s  a s  i t  did for thp 
somewhat smaller  r a t i o s  i n  Task 4 above, Sedimentation vsl.ilme men- 
su re r~en t s  i n  minerzl o i l  were not  run  on svstems of very l a r g e  d ia-  
meter r a t i o s  Fecsuse of d i f f i c u l t i e s  encountered i n  differentia3. .  
sedirnen+,afion of t h e  t ~ o  p a r t i c l e  s i z e s ,  Vi scos i t i e s  vrere n o t  run  
on those systems rr l th  the r o t a t i o n a l  viscometer f o r  e s s e n t i a l l y  \,he 
same reason--rapid sedimerita-tion of the  lp-rge p a r t i c l e s  c111ring the  
yvns, kx peral- le l  p l a t e  viscometer and very t h i c k  s l u r r i e s  o u t  of 
%he ranze of the  r o t a t i o n a l  viscometer i s  requi red  t o  gather  d e t a  
on such systems, 
The peaks of lilaximum sedimentation volume and m i n i m 1  viscosity 
appear a t  approximately t h e  s m e  percentage r a t i o s  i n  f3.gures 2 3  and 
24, The peak values of sedimentation volumes neasured on the various 
( 2 3 )  
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diameter ratios is consistant at 25% to 30$ and does not cppear  to 
be particularly dependent on the diameter rakios, This can be seen, 
for example, by comparing the peak of 100/070 glass wlth a diameter 
ratio of 0,425 with 380/080 glass with a ratio of 0.108. Tbe 350/030 
glass peaks at about 30% and the 100/070 appears to peak at about 20$, 
although the curve at ratio is so flat it is difficult to pick a gocd ,  
positive value, However, the trend toward peaking of values at a 
small-er percentage of fines as the diameter ratio increases Ls ccn- 
sistant with earlier studies (ref. 6). Unfortunately, the d i r f j c u l t g  
in picking good values from the curves precludes any usefulness in 
comparing predfcted values with measured values as a function of' in- 
creasing the value of the diameter ratios. 
On the other hand, comparison of the magnitude of the chrnre 
in p(m rendered by the bimodal mixing of glass beads of small dfa- 
neter ratios T?:ith ch~nges observed in bimodal blends of lerre ynnt ios 
can be easily discerned from figure 22. There is a decreasinyp, mag- 
nitude of chan:;e from %he system 380/0?0 glass (diameter ratio 0,169) 
to the system 090/070 glass (diameter ratio 0.830) where the eh8np:e 
in $m as 3 function of rnixing is nil. The ahsolute values of' $!~EI 
from figure 20 and 22 are plotted in figure 25 as a function of t h e  
diameter size ratios. For comparitive purposes data fron the litera- 
~. 
ture, (ref, 7) is also plotted, This literakure data is by tdest;man 
and Hugill- on lead shot, The comparison of these earlier values on 
lead shot ~l~ith the values obtained on glass beads in this studg 
reveals very liktle difference. The large X at the origin 06 hbe 
curve represents the maximum value, fh, that can be obtained (0.865) 
in a bimodal system. 
( 2 4 )  
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It i s  obvious t h a t  diameter r a t i o s  a r e  important a l l  the  way 
down t o  i n f i n i t e l y  small  va lues ,  Indeed as  mentioned before the 
predic ted  va lues  of i n  a i r  above i n  Task 4- ignore the  e f f e c t s  o f  
diameter r a t i o s ,  which accounts f o r  the  high values c a l c u l ~ t e d  i n  
almost every case us ing  s impl i f i ed  equation ( 5 ) .  It i s  obvious t'mt 
f u r t h e r  work 5-s needed t o  account f o r  wal l  e f f e c t s  a r i s i n g  f r o r ~  dia- 
lneter r a t i o s  g r e a t e r  than 0.05. I n  f a c t  a good empir iczl  e q u a t i o v  
of some s o r t  nould be poss ib le  af1;er more confirming d ~ t a  i s  o'r)talined, 
30.-revery within !;he scope of thris study the  f ollovring simple equ3 ",ion 
i s  of fered  as  a  f i r s t  crude approximation: 
where $mix  i s  the  maximum sedimentation volume of the 'rimorlal s ~ i s  tern 
a t  the peak, $D i s  the  sedimentation volune of t h e  l z r g e  particles 
and jdd i s  the  sedimentation of the  small p a r t i c l e s .  
The s o l i d  l i n e  i n  f i g u r e  25 rep resen t s  the  equat ion n:'nsre 
$D $d 0.63. The maximum ( l iv ia t ion  of our da ta  on g lnss  heeds 
from the  curve i s  about 5 $ ,  and t h i s  occurs a t  t h e  mid po in t  d i a -  
meter r a f i o  of 0.50. This good f i t  i s  d e s p i t e  the f a c t  Y2at i n  some 
of the  systems p l o t t e d ,  $D fid 0.63. Predi-cted values of ,&nix 
become verT7 c lose  t o  n e a s ~ ~ r e d  va lues ,  e s p e c i a l l y  i n  a i r ,  i f  the  e z l -  
c u l ~ t i o n s  tablulater?  .-:ith simplified equa:ion ( 5 )  i n  Task 4 r%o?e  
a re  repeated using equation ( 9 ) .  The reca lcu la ted  values are tabu- 
l a t e d  belol,r, a s  veil a s  ~ r ~ l c u l e t i o n s  on the system studied in Task 5 ,  
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System $mix  ldmix $ m i x  $nzisc 
Predicted Measured Predicted Ib'Ieasul~ed 
i n  a i r  I n  a i r  i n  o i l  i n  o i l  
The predic ted  values using equat ion ( 8 )  a r e  wi th in  about 5< 06 the 
mezsured values except i n  the  case of the mineral  o i l  l.vhere some o1;her 
mechrnism i s  a t  vork. 
Recalculated values of t h e  percent  of small t o  l a r c e  p a r t i c l e s  
where the  maxi~rum sed.imzntation volume peak of the  mixture h i x  
occurs i s  ~ i v e n  t->elov~, The p red ic t ions  a r e  made using equ.sltion (7 ) 
with equat ion ( G ) :  
Sgs tern ($ small $ sn1~11 small  $ small  5 s m a l l  
PredZcted Xeasured Predicted Xeasured Measured a t  
i n  a i r  i n  a i r  i n  o i l  i n  o i l  Viscosi ty  
IXI n8mm 
These predic ted  values a r e  verp  much c l o s e r  t o  t h e  measured data 
than the  e a r l i e r  predic ted  values der ived from t h e  s impl i f i ed  
equations.  
(Contract  NAS7-775 ) 
I11 Conclusions 
The Brookfield r o t a t i o n a l  viscometer i s  a  u s e f u l  and r e l i a b l e  
device f o r  use  on thZn s l u r r i e s  if the  d e n s i t y  of the  f i l l e r  1s 
wi th in  e few gram/cc of the  suspending l i q u i d .  Another l i m i t a t i c n  
i s  t h n t  t he  p a f t i c l e  s i z e  of the  f i l l e r  be under about 2-0 microns, 
S t i l l  another l imi3a t ion  i s  t h a t  the  middle 80$ of the  ins t rument ts  
s c a l e  i s  conzpletely r e l i a b l e ,  The exkreme on e i t h e r  end r e s u l t s  i n  
badly s c a t t e r e d  data .  
The f i r s t  2 5 4  of low surface  energy p a r t i c l e s  nixed with h igh  
sur face  energy p a r t i c l e s  produces about 75% of the  chonge i n  viscosity-. 
This argues s t rong ly  t h ~ t  wo high e n e r p  p a r t i c l e s  s t i c k  together 
o r  s t r u c t u r e  when they come i n  con tac t ,  bu t  t h a t  a h igh  enercy-low 
energy or low energy-low energy contac t  does not  r e s u l t  i n  particle- 
p a r t i c l e  ~ t ~ u c t u r i n g .  This same argument i s  t r u e  f o r  che change i n  
sedimentation volurne on s i l v e r  a l l o y ,  but  the  exact opposi te  h e l d  on 
aluminum powder : h e r e  75% low energy par3 t ic les  ::rere r e q ~ ~ i r e d  co p ~ o -  
6uce the  f i r s t  25% of chan[;e, Apparently the re  i s  a particle-mediun 
mechanism a t  work and consequently, the  d i r e c t  r a l a t i o n a h i p  reported 
between $m an4 the v i s c o s i t y  a s  predic ted  by the LMB equat ion ( r e f .  1) 
r equ i res  some refinement,  
This pa r t i c l e -medim in'iteraction lr?as obvious i n  PPO-aPumlnr~rn 
powder s l u r r i e s  where t h e r e  vas a  cklanye of r h e o l ~ g i c ~ l  p r o ~ e r t E e s  
1771th time. The s l u 2 r i e s  were i n i t i a l l y  shear-thickening but  changed 
t o  shear  thinning af t;er s tanding a  f ea days. 
(27) 
( Contract TJAS7-775 ) 
The equations proposed by Fedors et. al. (ref 6 )  to p r e d f c t  
the sedimentation volume of mixtures of different particles s e z e s  
and the ratio of small to large vhere the maximum occurs were proven 
to he accurate aithin 5% over the entire range diameter ratEos ahen 
a factor compensating for wall effects is considered. A s i m - o l e  
empirical equation that is useful for most practical applications 
is presented. However, a more precise empirical equation to describe 
the behavior of such systems must wait for more data. 11; would be 
presumptuous to endorse a precise equation on the basis of the re- 
sults f rorn only two particle syste:~s. 
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FIGURE 22 
SEDIMENTATION VOLUME GLASS BEADS IN A f R  MEDIUM, VARIXD DUmTEW RATIOS 
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